Mating system characteristics are of great importance as they may influence male and female reproductive success and reproductive isolation. The wood turtle (Glyptemys insculpta) is a terrestrial freshwater species listed as endangered by the International Union for Conservation of Nature. Considering its conservation status and the paucity of information currently available on parentage relationship for the species, we performed a microsatellite analysis to study the mating system of wood turtles in the Shawinigan River (Québec). We sampled 38 clutches over 2 years (14 in 2006 and 24 in 2007), for a total of 248 offspring genotyped with 7 microsatellite loci. The reconstructed genotypes of the fathers revealed that reproductive success in the sampled clutches varied greatly between males and are positively correlated with the number of mates and clutches sired. Frequency of multiple paternity was estimated at 37% through a consensus of 3 different estimation methods. Positive correlation was observed between the genetic diversity of clutches and the number of fathers. Repeat paternity, however, was observed in 88% of the clutches by the same female in successive years, which suggests either a frequent use of sperm storage, or remating with the same partner in successive years.
Based on inequalities in the cost of gamete production, sexual selection theory (Bateman 1948) suggests that male reproductive success is constrained by the number of mates, where females represent a resource to compete for, whereas female reproductive success is limited by the amount of resource allocated to gamete production (Trivers 1972; Price 1984; Rowe et al. 1994) . Since a single copulation event is usually sufficient to fertilize all of the gametes produced (Trivers 1972) , females might not be expected to actively search for several partners. However, multiple mating by both males and females are common in natural populations of vertebrates (Larila and Seppä 1998; Avise et al. 2002; Griffith et al. 2002; Pearse et al. 2002; Kitchen et al. 2006) . The benefits of multiple mating on female fitness have been extensively studied. Such direct benefits include paternal contribution to egg production and parental care, nuptial gifts, and nesting protection (Reynolds 1996) . In the case of a species with limited parental care, like turtles, the impact of polyandry is mostly indirect (Jennions and Petrie 2000; . Such indirect benefits may arise from increased genetic quality and the genetic diversity of the offspring produced by several mechanisms that enhance female fitness (Jennions and Petrie 2000) . Genetic trade-up, postcopulatory sperm competition (Curtsinger 1991; Parker 1998) , cryptic female choice (Zeh and Zeh 1996; Tregenza and Wedell 2000) , and genetic bet-hedging (Yasui 2001) are all possible due to multiple mating events.
Polyandry is widespread in reptiles, and multiple paternity is commonly observed in many species (Uller and Olsson 2008) .
Multiple paternity may either occur when a female mates with more than one male during a reproductive cycle or when multiple matings are coupled with sperm storage across reproductive cycles. In freshwater turtles, multiple paternity was first confirmed in a population of wood turtles (Glyptemys insculpta (LeConte, 1830)) in Pennsylvania (Galbraith et al. 1991) . Since then, the mating systems of turtles have been widely studied, and the frequency of clutches with multiple paternity has been found to vary greatly among species as well as among populations of the same species (McTaggart 2000; Pearse et al. 2002; Refsnider 2009; Davy et al. 2011; Banger et al. 2013; McGuire et al. 2015) .
Multiple paternity within a clutch is also favored by sperm storage in the female oviduct, which allows temporal asynchrony between mating events and fertilization events (Birkhead and Møller 1998) . The females of certain freshwater turtle species may store fertile sperm for up to 4 years (Gist and Jones 1989) , and therefore, may use sperm from one mating event to fertilize gametes in successive clutches (within or between reproductive seasons), resulting in repeat paternity (Fitzsimmons 1998; Pearse et al. 2002; Roques et al. 2006) . The genetic variability of the offspring may then be temporally lagged, and this process could sustain genetic diversity within a population (Davy et al. 2011) . However, sperm storage cannot be easily discriminated from intentional or nonintentional remating with the same partner.
Mating systems are of great importance for species conservation and for the implementation of management plans (McGuire et al. 2013) . Multiple paternity and repeat paternity affect the effective population size (Sugg and Chesser 1994; Theissinger et al. 2009 ) as well as the coancestry of a cohort (Scribner et al. 1993) . Together, promiscuity and sperm storage may reduce the loss of genetic variation in small or declining populations by increasing genetic diversity within clutches (Calsbeek et al. 2007 ). The same processes also create variation in male reproductive success. Furthermore, high within-clutch genetic variation may increase the chance that some hatchlings will survive each year (Kaplan and Cooper 1984; Yasui 1998) .
The wood turtle is a terrestrial freshwater turtle that inhabits the Great Lakes region. The International Union for Conservation of Nature (IUCN) has listed the species as endangered since 2013 (van Dijk and Harding 2013) . It is also currently listed as endangered or threatened in most of the US states and Canadian provinces where it occurs (COSEWIC 2007) . Wood turtles mate throughout the active season (April to September), mostly in the spring and the fall (Kaufmann 1992; Walde et al. 2003) , when they aggregate near hibernation sites sometimes located several kilometers away from the nesting sites . They reach sexual maturity at 11-22 years Walde et al. 2003) . The females usually lay 1 clutch per year (average of 8-12 eggs), but not every year (Powell 1967; Walde 1998) . The mortality of embryos varies between 20 to 100% depending, for example, on nesting site quality and predation levels . During the nesting season, aggressive interactions have been observed among individuals of the same sex and also between sexes (Kaufmann 1992; Walde et al. 2003; Parren 2013) . The size, sexual maturity, and level of aggressiveness of individuals may determine social hierarchies, with dominant males benefiting from extended copulations with females (Kaufmann 1992 ) and exhibiting higher reproductive success (Galbraith et al. 1991) . Multiple paternity has, in fact, been detected in 50% of wood turtle nests using DNA multilocus fingerprinting (Galbraith et al. 1991) .
With the development of microsatellite markers (Gerber et al. 2000) , nonharmful tissue sampling, and robust statistical tools (Jones and Ardren 2003, Jones et al. 2010) , the potential of parentage analysis has significantly increased since Galbraith et al.'s 1991 study. Considering the conservation status of wood turtles and the paucity of information currently available on its mating system , we carried out parentage analyses on wood turtles over 2 successive years using microsatellite markers. Our main objectives were 1) to estimate the minimum number of males typically involved in siring a clutch (i.e., multiple paternity), 2) to identify clutches in adjacent years sired by the same males (i.e., repeat paternity), and 3) to quantify the sources of variation in the number of emerged hatchlings of each father (i.e., variation in male reproductive success).
Materials and Methods

Sampling
Hatchlings were sampled directly from a nesting site adjacent to the Shawinigan River in the Mauricie region (Québec, Canada) in 2006 and 2007. The population size was estimated to be between 191 and 285 individuals (Bourgeois et al. 2009; Walde et al. 2003) . The area was observed daily in June for signs of nesting activity. All clutches were protected within an enclosure until mid-August, where nests were visited daily until the hatchling period began, and up to 8 times per day until the end of the hatchling period. Tissue samples were collected from all emerged hatchlings through a superficial excision (2 mm × 1 mm) at the posterior edge of the shell. All tissue samples were stored in 95% ethanol. Whenever possible, genetic sampling of the females was performed at the time of nesting.
Adult turtles were also observed opportunistically on the nesting site, or during annual surveys of the population conducted between 1996 and 2015. Captured individuals were marked (Cagle 1939) , measured, weighed, aged, sexed (see Walde et al. 2003) , and forelimb skin samples (1 mm × 3 mm) were collected for genotyping. From these individuals, a pool of candidate parents, expected to be sexually mature in 2006 and captured at less than 6 km from the nesting site, was selected for parentage analysis. The use of such candidate parents increases consistently the precision of the parentage analysis .
DNA Extraction and Amplification
Total genomic DNA was extracted using PureLink TM Genomic DNA extraction kits (Invitrogen) following the manufacturer's protocol. Genotypic profiles were obtained for 7 microsatellite loci; GmuD16, GmuB21, Gmud28, GmuD40, GmuD87, GmuD88, and GmuD93 (King and Julian 2004) . Polymerase chain reactions were carried out using a Thermo cycler 9790 (Biosystems) using the cycling parameters and procedures described in King and Julian (2004) . Fragment analysis was performed on PCR products using an ABI-3730XL DNA analyzer at the McGill University Genome Quebec Innovation Center. All alleles were manually scored 3 times using GeneMarker (SoftGenetics LLC, PA), and 15% percent of all individuals were independently amplified and genotyped twice to confirm the observed genotypes. Any samples displaying unexpected alleles were re-amplified and re-analyzed to confirm their unique genotype. Hatchlings were excluded from the analysis if 2 loci could not be scored.
Population Genetics
The genotypes of all candidate parents and nesting females were used to provide information on each locus and to estimate allele frequencies for the populations. We assessed whether each locus conformed to the Hardy-Weinberg equilibrium, and linkage disequilibrium was tested for each pair of loci using the Markov Chain Monte Carlo method in GENEPOP 3.1 (Raymond and Rousset 1995; Rousset 2008) . The data were also analyzed for allelic stutter, large allele dropout, and null alleles using MICROCHECKER (Van Oosterhout et al. 2004) . A sequential Bonferroni correction was applied to all multiple pairwise comparisons (Rice 1989) . The probability of identity (PI) and observed and expected heterozygosity (H O and H E ) for each locus were estimated with GenAlEx v6.5 Smouse, 2006, 2012) . We also calculated PISibs, the probability of identity taking into account the possibility that close relatives were sampled (Taberlet and Luikart 1999; Waits et al. 2001) . The probability of detecting the presence of alleles from more than a single putative father was calculated as the detection index (dIndex) (Westneat et al. 1987) . This method relies on allele frequencies within the population and the genotype arrangements of all possible mating within a representative sample of the population (FitzSimmons 1998) . The genotypic correspondence between the mothers sampled at the time of nesting and their offspring allowed us to estimate a genotype error rate and a germinal mutation rate for each locus. Likely germinal mutations were confirmed if both alleles did not match any of the maternal alleles, and if the offspring alleles were 4 bp larger or smaller than expected (FitzSimmons 1998). All germinal mutations were corrected by the suspected mutated maternal allele prior to the parentage analysis.
Assignment of Candidate Mothers and Fathers
In instances where the mother of a clutch cannot be sampled during nesting activities, the assignment of a candidate female as the mother was performed based on the concordance between 2 parentage programs. COLONY v2.0.6.1 (Jones and Wang 2010) computes prior probabilities derived from clutch-level data (e.g. kinship maternity group) to identify offspring from the same clutch and their probable mother. These assignments were further confirmed with CERVUS v3.0.1 (Kalinowski et al. 2007 ), a categorical allocation program that relies on likelihood-based approaches to select parents . Individual exclusion probabilities were first calculated for all possible female-offspring pairings on an individual-based level. The candidate females whose genotypes mismatched at one or more loci were excluded as potential mothers. When more than 1 female could not be excluded, a log odds (LOD) score was calculated to estimate the likelihood ratio of each candidate female as the true mother compared to an arbitrary mother. The difference in LOD scores between the 2 most likely candidates (∆) provides an indication of the reliability of the assignment. By simulation, a critical ∆-LOD score was computed at 80% and 95% confidence levels, and the mean ∆-LOD score for each clutch was estimated. A female was assigned to a nest only when 1) COLONY provided a 95% confidence level, 2) CERVUS assigned all offspring from that nest to the same mother, and 3) when the mean ∆-LOD score for all offspring in the nest was positive. In cases where 2 putative mothers were assigned to the same nest, the female with the highest mean ∆-LOD score was selected. Candidate fathers were then assigned following the same procedure. All immature individuals from the pool of candidate parents were used either as candidate mother or father.
Multiple Paternity Analysis
Multiple paternity and estimates of the minimum number of fathers contributing to each nest were computed using 3 distinct approaches: 1) a method of Minimum Allele Counts (MAC) (FitzSimmons 1998; Myers and Zamudio 2004) , 2) GERUD v2.0 (Jones 2005) , and 3) COLONY v2.0.6.1. For each clutch with at least 3 hatchlings, multiple paternity was inferred using a consensus approach (Theissinger et al. 2009 ), estimating the number of fathers based on the majority results. Clutches with only 1 or 2 hatchlings were excluded from multiple paternity analyses.
First, we applied the minimum allele count method for the multiple paternity analysis. When the maternal genotypes contributing to each clutch were known (either at time of nesting or genetically assigned from the pool of candidate parents), the minimum number of fathers was determined by subtracting the maternal alleles from the hatchling genotypes. Alleles that were absent in the maternal genotype were then identified as paternal alleles. To provide conservative estimates, it is commonly assumed that all fathers are heterozygous at each locus. In cases where heterozygous offspring had a genotype identical to that of the mother, one of the 2 alleles was considered to have been inherited from the father. When the minimum number of paternal alleles required to match the observed genetic variation in a clutch was greater than 2, multiple paternity was assumed for that locus. To account for mutations, which may overestimate the number of paternal alleles, multiple sires were inferred only when at least 2 loci provided evidence for multiple paternity. For nests with unknown mothers, the numbers of fathers were estimated based on all alleles found in the clutch divided by 2. Mutation and genotyping errors were accounted for as previously described.
The number of sires for each clutch was also inferred with the GERUD v2.0 software. GERUD is a parental reconstruction program, which performs an exhaustive algorithm that tests all possible parental genotypes against the progeny's array to find the minimum number of genotypes explaining that array. In the case of several possible father genotypes, GERUD computes a ranking of the solutions by likelihood. The likelihood score is based on the segregation of paternal alleles, their deviations from Mendelian expectations, and the population allele frequencies. These analyses were performed using the 7 microsatellite loci and setting the parameter for the maximum number of possible fathers to 4 as suggested by Theissinger et al. (2009) . For females with clutches sampled in successive years (2006 and 2007) , each nest was run separately and pooled, to determine the minimum number of fathers. Because GERUD cannot estimate paternity with data sets containing mutations, genotyping errors, or missing data, all loci missing in the maternal genotypes were excluded from the analyses. All offspring lacking maternal alleles at 1 locus only were corrected by one of the maternal alleles (Theissinger et al. 2009; Ekanayake et al. 2013) , whereas those with an extra paternal allele for only 1 locus were either corrected (when a mutation was suspected), or eliminated (Duran et al. 2015) . Mutation was suspected when only 1 offspring at only 1 locus had a supplementary allele of 4 bp larger or smaller than the other offspring. When the maternal genotype was not available, GERUD determined all possible mother genotypes and all possible combinations of mother-father genotypes before ranking them based on likelihood scores, as previously described.
COLONY was also applied to assign sibship and parentage based on a maximum-likelihood model. Offspring were first clustered into full-sibs and half-sibs and the genotype of putative parents was then constructed when it was not available at the time of sampling or assigned to candidate parents. The default parameters were used to run COLONY, including a single long-length run with full likelihood analysis by assuming polygamy for both females and males, and by setting a medium prior distribution to a mean of 6 offspring for both females and males. Three runs were performed to detect multiple paternity: one for the nesting season of 2006, one for the nesting season of 2007, and one for both nesting seasons combined. COLONY also allows accounting for 2 classes of errors in the computations: null alleles and allelic dropout (class I); and typing errors and mutations (class II). A minimal error rate of 0.04 was assumed for the allelic dropout for all loci. For GmuB21 and GmuD93, the class I error was set to 0.0979 and 0.0664, respectively, following the detection of null alleles by MICROCHEKER. Genotyping error rates were estimated for each locus using mother-offspring genotype comparisons and PCR re-amplifications.
Genotype Reconstruction of the Fathers
The minimum number of males required to explain all offspring genotypes was estimated with COLONY. Iterative runs were thus used for the identification of paternal half-sibs, which would identify males that sired offspring with more than 1 female, in more than 1 season. In a first run, all nests showing a consensus of single paternity were determined using the same method as previously described, and corresponding clutches were fixed in successive runs until all nests had been assigned to a single or multiple fathers. Paternal genotypes were reconstructed from different COLONY runs, and repeat paternity was confirmed when the same male sired offspring in different clutches with the same female.
Statistical Analysis
The relationship between the genetic diversity of clutches and the number of fathers was tested using partial Kendall's rank correlation, while controlling for the genetic diversity of the mother. Only clutches with known mothers (i.e., sampled during nesting or assigned from candidate parents) were used for this analysis, and mean observed heterozygosity (H O ) values were estimated with GenAlEx v6.5 Smouse, 2006, 2012) . To test whether male reproductive success was higher in clutches with simple paternity compared to clutches with multiple paternity, the clutches were split into 2 groups. A Student's t-test (999 permutations) was then computed to test for differences between the means of emerged hatchling in the corresponding groups. Finally, Kendall's rank correlations were used to assess male reproductive success by testing the relationship between the number of offspring and the number of mates and clutches sired by each father. Statistical analysis was conducted with R v3.3.2 (R core team 2016) using the "ppcor" package (Kim 2015) . An average of 7 hatchlings per clutch (range = 1-14, SD = 3.24, variance = 14.7) were genotyped, representing 92% of the successfully hatched offspring. Five offspring were excluded from the analysis because of amplification failure. Therefore, parentage analysis was run for 248 hatchlings, 20 mothers were sampled at the time of nesting, and 64 other adults were collected from this population to serve as a pool of candidate parents (10 males, 47 females, 7 immature at the time of capture).
Results
The number of alleles for all 7 loci ranged from 7 to 14 (Table 1) . Deviations from Hardy-Weinberg equilibrium were detected at 2 loci, GmuB21 and GmuD93, likely due to null alleles. The larger error rates found at these loci (0.04 and 0.05, respectively) confirm these results. There were 2 hatchlings containing a likely germinal mutation of the maternal allele. Values of dIndex ranged from 0.56 to 0.77 at each locus, for a global detection rate of 0.99. The probability of identity (PI) was 4.4 × 10 −10 , and PIsibs was 0.0004. Overall, the 7 loci allowed us to accurately detect the relationship between siblings.
COLONY and CERVUS allowed us to confirm the identification of the 20 mothers sampled at the time of nesting to their 25 corresponding nests, and to further assign 6 females from the pool of candidate parents to 7 clutches for which the mother was unknown at the time of nesting (Figure 1, Table 2 ). Based on these assignments, we ended up with 33 clutches with known mothers, and 5 with unknown mothers. Hatchlings from 1 clutch per season in both years of the study were analyzed for 8 females. None of the 10 males and the 7 immature individuals sampled in the population was successfully assigned to any offspring.
COLONY determined the estimated number of fathers to be 28 (17 males for 14 clutches in 2006, and 23 males for 24 clutches in 2007), with 12 of those fathers identified as identical for both nesting seasons (Figure 2) . The male to female sex ratio of reproductive individuals was, therefore, estimated at 1:0.824 in 2006, 0.958:1 in 2007, and 0.933:1 for both nesting seasons. The reproductive success of males ranged between 1 and 32 offspring (mean of 8.86 per male, variance = 53.5) and showed that some males contributed more than others to the clutches (Figure 3 ). Ten males produced offspring with more than 1 female, and 14 males produced offspring in more than 1 clutch (e.g., with the same female for 2 nesting seasons). The mean number of mates per male was 1.24 in 2006 and 1.78 in 2007. On average, each male had 1.75 mates for both years and produced offspring in 2.11 different clutches. Male reproductive success was positively correlated with the number of mates (Kendall's Tau = 0.43, P = 0.006) and the number of clutches sired (Kendall's Tau = 0.45, P = 0.003).
Eight females were found to have repeat clutches in both 2006 and 2007 (Table 3) ; however, only 1 female (M61) had offspring from different males between the 2 years. Repeat paternity was observed for all other 7 females. Among those, 4 mothers (M54, M57, M58, and Munk4) produced offspring with a single male (single repeat paternity), whereas 3 mothers (M56, M59, and M60) had offspring with different males (multiple repeat paternity). The same 3 fathers were identified in the nests of females M59 and M60.
Multiple paternity was detected with all 3 methods (minimum allele count, GERUD, and COLONY) for 26.7%, 36.7%, and 50% of the clutches, respectively, and a consensus of 36.7% (Table 4 ). The results provided by the MAC method and GERUD were quite similar with the minimum number of fathers per clutch ranging from 1 to 3. Results of COLONY ranged from 1 to 6 per clutches, identifying multiple paternity in 10 of the clutches for which the other 2 methods assigned a single father. The average number of mates per female was 1.31 in 2006, 1.39 in 2007, and 1.43 for both years combined. The number of fathers in a clutch was positively correlated with the mean genetic diversity of the offspring, when controlling for the mother's genetic diversity (Partial Kendall's Tau = 0.27, P = 0.033). Male reproductive success was significantly lower in clutches with multiple fathers compared to clutches with a single father (Student's t-test, P = 0.001) (Figure 4 ).
Discussion
Multiple Paternity
Multiple paternity is frequently estimated in parentage studies as it can be measured directly through kinship data with minimum details about the identity of parents. In this study, we confirmed that multiple paternity is present in at least 37% of the clutches of wood turtles sampled. Polyandry and multiple paternity have been detected in most of the turtle species studied to date (reviewed in Uller and Olsson 2008) but results of parentage analysis cannot easily be compared among species (Davy et al. 2011) . Sampling design varies greatly from one study to the next, which makes comparison based on different numbers of sampled clutches and different microsatellite loci difficult (Veliz et al. 2017) . For example, the probability to detect multiple paternity increases with the number of clutches analyzed (Pearse et al. 2002) , but it is less likely to be detected in small clutches of fewer than 5 individuals (McCracken et al. 1999) . In the present study, multiple paternity was only observed in 2 of the smaller clutches (< 4 offspring) tested. After removal of these 10 clutches from the analysis (results not shown), the occurrence of multiple paternity decreased from 37% to 28%.
Observed variation in the estimated minimum number of fathers in a clutch could also be attributable to the methods employed. For example, COLONY may provide an overestimate with respect to MAC and GERUD. It has been shown that COLONY performs better with 5 to 7 loci, and for genotypic data with H E values larger than 0.84 (Sefc and Koblmüller 2009) . When the genetic markers do not meet these criteria, the number of parents may be overestimated (Jones et al. 2007) , whereas GERUD appears to be more accurate Table 1 . Characteristics of each of the 7 loci, including the numbers of alleles, expected (H E ) and observed (H O ) heterozygosity, HardyWeinberg (HW) P value, probability of detecting multiple paternity (dIndex) at each locus within their clutches (i.e., probability of exclusion), probability of identity (PI), probability of identity for siblings (PISibs), error rate (Error), and the germinal mutation rate (Mutation) (Jones 2005) . This may be the case here, considering that only 3 of the 7 loci analyzed had H E values larger than 0.84. Our results on multiple paternity contribute to a body of literature on paternity analysis in reptiles. Several distinct hypotheses have been proposed to better understand the benefits of multiple fathers in a clutch (Jennions and Petrie 2000; Uller and Olsson 2008) . For one, multiple paternity increases the genetic diversity of clutches (Yasui 1998) . As suggested here, the number of fathers who participated towards a clutch is positively correlated with the neutral genetic diversity of the clutches. This positive relationship has been confirmed in lizards for which clutches with only sibs were less diversified than clutches with half-sibs (Calsbeek et al. 2007 ). This reproductive strategy is predicted to be preferred in unstable and heterogeneous habitats, where it is difficult for a female to predict the best mate for the future. As such, females can minimize the variance in male quality by mating with multiple partners, a strategy known as "genetic bet-hedging" (Watson 1991) , or "diversified bet-hedging" (Kaplan and Cooper 1984) . By producing a genetically larger range of offspring in a clutch, the probabilities that some of them will survive increase (Yasui 1998 ). As we used microsatellite markers to measure neutral genetic diversity, however, variation in levels of adaptive genetic diversity (Holderegger et al. 2006) or genomic diversity (Väli et al. 2008) could not be assessed. The observed correlation between the number of fathers and the genetic diversity of a clutch may then provide negligible benefits for the female wood turtles.
Repeat Paternity
Our study observed for the first time repeat paternity between clutches in adjacent years for the wood turtle. This reproductive strategy appears to be common in the population under study, as our results identified a very high frequency of repeat paternity for 87.5% (7/8) of the females with nests sampled in successive years. This trend is consistent with what has been observed in other freshwater turtles, and it may be due to either sperm storage, or remating with the same partner in successive years (Phillips et al. 2013) . For example, a 4-year study detected repeat paternity in 38% of the clutches in the Painted turtle (Chrysemys picta) (McGuire et al. 2014) . In Blanding's turtles (Emydoidea blandingii), repeat paternity was also observed in 69.9% of sequential clutches over 8 years (McGuire et al. 2015) .
The storage of viable sperm for over 1 year has been documented for many species of freshwater turtles (Ewing 1943; Gist and Jones 1989; Pearse et al. 2002; Roques et al. 2006; McGuire et al. 2011) , but was never observed in the wood turtle. In addition to favoring multiple paternity, sperm storage would allow for postcopulatory selection such as sperm competition and female cryptic choice (Stockley 1997; Jennions and Petrie 2000) . The sperm of high quality males or more compatible males may then be used for several years while allowing the female to avoid the potential cost of remating caused by aggressive interactions (Evans 1961; Uller and Olsson 2008; Ernst and Lovich 2009; Liu et al. 2013) . Furthermore, the temporal asynchrony between the mating and fertilization events allowed by long-termed sperm storage can be an advantage for female wood turtle, in particular, for those that may not nest on a yearly basis. Fertilization is then assured for such females, in case of low mate encounter rates (Olsson et al. 1994; Phillips et al. 2013 ).
Population density can affect repeat paternity as the potential lack of encounters with mates may favor the use of sperm storage or the probability to remate with the same partner (Gist and Congdon 1998) . The density of the Shawinigan population is estimated as 0.44 adults/ha (Walde et al. 2003) , which is quite low compared to other populations of wood turtles; namely, the population density is estimated as 4.41 adults/ha in Pennsylvania (Ernst 2001 ) and as 12.5 adults/ha in New Jersey (Harding and Bloomer 1979) . In spite of this density, frequent observations of multiple mating have been confirmed in the Shawinigan population (Walde et al. 2003) , including a female that bred with 5 males. Repeat mating events between the same individuals in separate years have also been confirmed. Our results highlight the presence of a number of small clusters of interconnected males and females (Figure 2 ). Such clusters could suggest strong mate choice or potential long-term preferences for remating between some individuals. Because pair-bonding has not been observed in freshwater turtles (Galbraith 1993; Roques et al. 2006) , remating between the same partners is deemed to be unintentional. On the basis of above behavioral observations and the fact that 77% of mating and courting events are observed in the fall when turtles congregate in aquatic habitats (Harding and Bloomer 1979; Walde et al. 2003) , it seems likely that repeat paternity may be the result of remating events with the same partner. As already observed in snapping turtles (Chelydra serpentina) (Brown and Brooks 1994) , wood turtles may return to the same overwintering sites, which also increases the probability of mating with the same partner over successive years (Bloomer 1978; Harding and Bloomer 1979) .
Considering the life history traits of wood turtles in combination with our results, we believe that the use of sperm storage is the best hypothesis to explain in large part the high frequency of repeat paternity observed. The reconstructed genotypes from successive clutches suggest that 3 of the 7 females would have had to mate with the same multiple males (2 or 3) for at least 2 years to support the alternative remating hypothesis. Our results identified a single female that mated with completely different males in successive clutches, implying separate reproductive events with at least 3 males in 2 reproductive seasons. Yet, on the basis of genetic parentage analysis alone, distinction between the 2 hypotheses remains problematic. In long-term studies, the use of sperm storage and Multiple paternity was confirmed when the consensus of all 3 methods detected a minimum of 2 sires per clutch. repeat mating with the same partner may possibly be discriminated with the decreasing fertility of stored sperm over time (Cuellar 1966; Jun-Yi 1982;  for an example see McGuire et al. 2013 ) as a result of sperm depletion or declining sperm viability (Goin et al. 1978; Gist and Jones 1987; Palmer et al. 1998) .
Male Reproductive Success
The number of emerged offspring sired per male varies according to their number of mates, clutches per mate (i.e., repeat paternity), and the proportion of offspring sired within a clutch. Our results exhibited a large variation in male reproductive success over 2 years. This variation was positively correlated with the number of mates and the number of clutches sired. The higher correlation observed between the number of clutches sired and the number of mates highlights the importance of repeat paternity in male reproductive success. Yet, our results also revealed a significant difference in male reproductive success in clutches with multiple paternity or single paternity. Clutches with multiple paternity resulted in lower numbers of emerged offspring per father. For a given male, the best strategy to increase its reproductive success would be to 1) mate with a high number of females (i.e., multiple mating) or remate with the same females (i.e., repeat paternity); 2) mate with a female that will use long-term sperm storage (i.e., repeat paternity); and 3) be the only sire contributing to a clutch (i.e., single paternity).
As some males contributed more than others to the sampled clutches (Figure 3) , the hierarchical dominance observed in Pennsylvania (Galbraith et al. 1991; Kaufmann 1992) may also be present in the Shawinigan population. Kaufmann (1992) observed that males with higher dominance ranks have better reproductive success, but we obviously could not establish a ranking order solely based on the reconstructed genotypes. Behavioral observations such as male and female sizes, level of aggressiveness, and the number of mating events are required to correlate hierarchical dominance with mating success and to better understand its impact on male reproductive success. Besides, as postcopulatory sexual selection affects the reproductive success of males (Birkhead and Pizzari 2002) , actual numbers of mating events are not always directly correlated with numbers of sired offspring.
Clutch size, nesting frequency, quality of nesting sites, and sperm storage may also increase variation in male reproductive success. Some studies on freshwater turtles combining long-term population monitoring and parentage analysis contribute to discriminating the relative contribution of number of mates and mate quality to male reproductive success Pearse et al. , 2002 McGuire et al., 2011 McGuire et al., , 2014 McGuire et al., , 2015 . For example, McGuire et al. (2015) observed that the clutch size and egg width were correlated with the female body size in Blanding's turtles. Males that mate with bigger females would then be favored.
Egg incubation in nature is causing a lot of uncertainties for parentage analysis. The number of emerged hatchling may not accurately represent the actual contribution of a male to a clutch, as some males may contribute to clutches with low survival rates. A long-term monitoring of the principal nesting site in the Shawinigan population was carried out by Masse et al. (2014) , allowing for a better estimation of nesting success. The principal causes for nesting failure were the poor climatic conditions (10% of the clutches in 2007), the presence of parasites (9% of the clutches in 2006), infertility (12 % in 2006, 11% in 2007) , and embryonic mortality (14% in 2006 and 16% in 2007) (Masse et al. 2014 ). As such, the results of our paternity analysis are clearly affected by numerous other factors not directly related to male quality.
In spite of a conservative approach to determine the number of fathers and their genotypes, some potential sources of error may affect the interpretation of the results. For instance, the reconstructed genotypes of the fathers were extremely similar in some of the clutches, which suggests that some fathers could be close relatives. As argued by Peare and Parker (1996) , green turtles (Chelonia mydas) nesting closer to each other tend to be more related. Wood turtle may live up to 50 years in the wild (Cameron et al. 2002) , and some mature individuals could be related, namely as father and son. However, considering that only one out of 100 offspring is likely to reach sexual maturity (Klemens 2000) , the probability that 2 brothers or cousins sired offspring from the same female is extremely unlikely. These similar genotypes may also be caused by genotyping errors or germinal mutations in the offspring. Instead of assigning a clutch to a single father, a mutation would likely introduce an additional allele, and a second father would be assigned to match the genotypes of the offspring. To circumvent this problem, genotyping error rates were estimated for each of the COLONY runs, and 15% of all individuals were amplified and genotyped twice to confirm the observed genotypes.
Based on the occurrences of multiple paternity and the extent of repeat paternity, our results may be used to provide recommendations for the conservation of the wood turtle in Canada. For example, considering the relative contributions of males and females to the next generation will be crucial to foster recruitment of new individuals and the long-term survival of endangered populations. Our results showed sex ratio close to 1:1 for both nesting seasons. Yet, the number of males involved in reproductive output is similar to that of females, although a higher variance in reproductive success is observed for the males, probably due to repeat paternity. When higher variance is consistently observed over successive generations, the disproportionate male contribution to the population can result in a lower effective population size (Hedrick 2005; Karl 2008 ). On the other hand, multiple paternity, by increasing the number of males contributing to offspring, is frequently considered to have a positive impact on effective population size (Sugg and Chesser 1994; Pearse and Anderson 2009; Lotterhos 2011) . Because both multiple paternity and repeat paternity may be the result of sperm storage yet have opposite effects on male and female reproductive success, further studies will be needed. Moreover, to better understand the long-term effect of repeat paternity in the mating system of wood turtles, we suggest conducting a future study on hibernation site fidelity. Because site fidelity may lead to reproductive isolation, it is of great interest for the species conservation and management. 
